Type IV pilus expression has been strongly implicated in the virulence of Neisseria gonorrhoeae, the causative agent of gonorrhea. In Neisseria, these pili undergo frequent antigenic variation (Av), which is presumed to allow reinfection of high-risk groups. Pilin Av is the result of RecA-mediated recombination events between the gene encoding the major pilin subunit (pilE) and multiple silent pilin locus (pilS) copies, utilizing a RecF-like recombination pathway. The role of RecBCD in pilin Av has been controversial. Previous studies measuring pilin Av in recB and recD mutants in two independent strains of N. gonorrhoeae (MS11 and FA1090) by indirect methods yielded conflicting results. In addition, these two laboratory strains have been suggested to express very different DNA repair capabilities. We show that the FA1090 and MS11 parental strains have similar abilities to repair DNA damage via UV-induced DNA damage, nalidixic acid-induced double-strand breaks, and methyl methanesulfonate-induced alkylation and that RecB and RecD are involved in the repair of these lesions. To test the role of the RecBCD pathway in pilin Av, the rate and frequency of pilin Av were directly measured by sequencing the pilE locus in randomly selected piliated progeny of both MS11 and FA1090 in recB and recD mutants. Our results definitively show that recB and recD mutants undergo pilin Av at rates similar to those of the parents in both strain backgrounds, demonstrating that efficient pilin Av is neither enhanced nor inhibited by the RecBCD complex.
studied in E. coli, where it has been shown to be involved in repair of "daughter strand gaps," lesions in newly synthesized DNA, often after replication. In this pathway, single-stranded-DNA-binding proteins bind to the gap, and then RecO and RecR, acting as a complex, initiate the loading of RecA. DNA processing is mediated by the exonuclease RecJ and the RecQ helicase (reviewed in reference 23). Whether RecF acts in complex with RecOR is dependent upon the availability of dsDNA proximal to the gap (36) .
The virulence of N. gonorrhoeae is strongly implied to be dependent upon the expression of type IV pili, which are long, thin, threadlike projections that extend into the extracellular milieu. In N. gonorrhoeae, these pili are required for adherence to the urogenital epithelium (47) , efficient levels of natural DNA transformation (21, 40, 44) , twitching motility (53, 54) , and symptomatic infection of the urogenital tract in volunteer studies (5, 50) . The major pilus subunit, pilin, undergoes antigenic variation (Av) at rates higher than those of any other Av system currently known (6) . It is thought that the high rate of pilin Av is a factor in the ability of N. gonorrhoeae to immediately reinfect a host who has recently cleared an N. gonorrhoeae infection, a concept that is supported by the failure of a pilusbased vaccine trial in men (2) .
Pilin Av in N. gonorrhoeae is the result of recombination between the gene that encodes pilin (pilE) and at least one of the many silent pilS copies located throughout the N. gonorrhoeae chromosome. The pilE gene consists of a 5Ј constant region, followed by a semivariable region and a hypervariable (HV) region at the 3Ј end, with the pilS copies possessing only the semivariable and HV regions (9, 11 ; reviewed in reference 39). Each pilS copy shares homology with pilE but is missing a promoter, a Shine-Dalgarno sequence, and the initial 5Ј sequence of pilE. Most of the pilS copies are located in clusters within several chromosomal pilS loci. Each pilS locus contains at least one, and often multiple, pilS copies. Immediately downstream of the pilE gene and each of the pilS loci is a 65-bp Sma/Cla repeat (30) . In strain FA1090, there are a total of 18 pilS copies clustered within five pilS loci and 1 pilS copy directly upstream of pilE for a total of 19 silent copies (12) . In strain MS11, there are 17 silent copies located in five pilS loci (10) .
The event responsible for pilin Av is a nonreciprocal homologous-recombination event in which DNA from the pilS copy is unidirectionally transferred to pilE (9, 11) . Since the pilS donor copy remains unchanged, this recombination is classified as a gene conversion system (9, 48, 55) . Pilin Av is RecA dependent (22) and utilizes the RecF-like pathway of recombination (14, 27, 37) . Additionally, non-pathway-specific N. gonorrhoeae enzymes, including RecX, RdgC, the Rep helicase, RecG, and RuvABC, have also been shown to be involved in pilin Av (19, 26-28, 37, 43, 45) .
Several methods have been used over the years to detect and measure the frequency of pilin Av in N. gonorrhoeae. Each assay has its own benefits and drawbacks. These methods include a colony phase variation assay, which takes advantage of the fact that some pilin Av events yield colonies that are nonpiliated (P Ϫ ), allowing a visual assay in which many samples can be screened with relative ease (48, 49) . The disadvantages of this method include the facts that events other than pilS/pilE recombination can yield P Ϫ colonies and that only a subset of all pilin Av events yield altered colony morphologies. Two PCR-based approaches to measure pilin Av rates have also been used; a colony-based PCR assay, using primers designed to anneal to the pilE ribosome binding site and the HV regions of two different pilS copies (28) , and a reverse transcription-PCR method that uses a similar approach (42) . In both of these techniques, a recombination event between one of the selected pilS copies and pilE yields a PCR product of a predicted size. A disadvantage is that recombination events that do not involve one of the selected pilS copies go undetected. A quantitative PCR-based assay was developed that detected the transfer of the HV sequences of most of the silent copies of strain FA1090, but this assay could only estimate the frequency of pilin Av and was not adaptable to other strains (34) . A coconversion assay has also been developed in which a marker is placed downstream of the pilE gene, in the Sma/Cla region, and following certain pilS/pilE recombination events, the marker is lost and replaced with the material downstream of the pilS copy, which is detectable by Southern blotting (15) . While this approach definitely detects some pilin Av events, detection is incomplete, since not all pilE/pilS recombination events result in loss of the downstream marker.
It has been shown via analysis of individual recB, recC, and recD mutants that N. gonorrhoeae utilizes the RecBCD pathway for the repair of dsDNA breaks induced by ionizing radiation and that all three mutants have identical phenotypes with regard to DNA repair, DNA transformation, and pilin Av (27) . A study of strains MS11 and P9 concluded that RecD had no role in the repair of UV damage (3) . A later study concluded that RecB is involved in the repair of UV-induced DNA damage, nalidixic acid (Nal)-induced dsDNA breaks, and methyl methanesulfonate (MMS)-induced alkylation lesions (16) . However, the latter study indicated that strain MS11 had a more robust DNA repair phenotype than strain FA1090. This was an unexpected conclusion, as there are no data to suggest that MS11 has different repair machinery than strain FA1090. Thus, the roles of the individual genes of the N. gonorrhoeae RecBCD pathway in DNA repair are not certain.
The question of whether N. gonorrhoeae RecBCD is involved in pilin Av has been pursued using the assays mentioned above. Initially, the colony-based PCR assay and the colony phase variation assay showed no difference in pilin Av between recB, recC, and recD mutants and the parent in strain FA1090 (27) . In contrast, a different study using the colony phase variation assay concluded that a recD mutant underwent pilin Av at an increased frequency in strain MS11 (3). Another report, using the reverse transcription-PCR and coconversion assays, suggested that pilin Av is diminished in recB mutants in both MS11 and FA1090 (16) . Thus, the roles of the individual RecBCD pathway genes and the entire pathway in pilin Av are controversial.
As DNA sequence analysis of many samples has become faster, more accurate, and more cost-effective, an assay in which direct sequencing of the pilE genes of multiple random piliated (P ϩ ) N. gonorrhoeae colonies has been developed and shown to have a high level of sensitivity and statistical power (6, 18) . In this assay, a previously described isopropyl-␤-Dthiogalactopyranoside (IPTG)-inducible recA strain (38) is grown for a certain time on IPTG, allowing pilin Av to occur. Multiple P ϩ progenitor colonies are picked from the IPTGcontaining medium and passaged on medium without IPTG, essentially "locking in" any pilin variants that have arisen during RecA induction. P ϩ progeny colonies arising from each of the progenitors are passaged in the absence of IPTG to ensure colony clonality, and the pilE gene is sequenced from each of them. This assay is advantageous because it involves direct analysis of the pilE sequence and because randomly selected P ϩ colonies are analyzed. Using recB and recD mutants of both MS11 and FA1090, we show that the RecBCD pathway participates in the repair of DNA damaged by UV, MMS, and Nal in both strains. Pilin Av occurs at rates similar to that in the parental strain in recB and recD mutants in both strain backgrounds. This work demonstrates conclusively that the use of the RecF-like recombination pathway for pilin Av is common to different N. gonorrhoeae isolates and that recD mutants are indistinguishable from recB mutants for this bacterium.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Two independently isolated strains of N. gonorrhoeae were used, FA1090 pilin variant 1-81-S2 (41) and MS11 VD300 (20) . In both strains, the native recA gene was replaced with the recA6 construct, which is inducible in the presence of IPTG (38) . This allele generates a RecA ϩ phenotype in the presence of 1 mM IPTG and a RecA Ϫ phenotype in the absence of IPTG (38) . N. gonorrhoeae was grown at 37°C with 5% CO 2 on Gc medium base (GCB; Difco) plus Kellogg supplements I and II (17) .
FA1090 recB::erm and recD::erm mutants were constructed via insertion of an erythromycin (Erm) resistance cassette in each gene and have been previously described (27) . The FA1090 recB::erm and recD::erm mutations were transformed into MS11 VD300 and selected for growth on 7.5 g/ml Erm. The resulting transformants were twice backcrossed into MS11 VD300, and the presence of the Erm resistance cassette was verified via PCR in each MS11 VD300 mutant.
DNA damage assays. N. gonorrhoeae survival in the presence of UV, MMS, and Nal was tested by growth on solid medium with 1 mM IPTG for approximately 20 generations. Bacteria were swabbed and resuspended in liquid me-
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dium, and serial dilutions were plated on solid medium in the presence and absence of UV exposure, MMS, or Nal. All plates contained 1 mM IPTG to ensure RecA expression during survival assays. Samples were grown for 48 h, and the colonies were counted. Survival was measured by dividing the number of CFU on treated plates by the number of CFU on untreated plates. UV was delivered to serially diluted bacteria on plates at 20, 50, 100, and 200 J/m 2 using a UV Stratalinker 1800 (Stratagene). MMS was used at 0.0025, 0.005, and 0.01%. Because of the inherent instability of MMS, the plates were used 1 day after being made. Nal was added to solid medium at 0.063, 0.125, 0.15, 0.20, 0.25, 0.5, 0.75, and 1.0 g/ml. All assays were performed in duplicate over the course of at least three different experiments.
Pilin Av sequencing assay. The pilin Av sequencing assay was performed as described previously (6, 18) . Briefly, all six strains were grown on solid GCB medium with 1 mM IPTG, allowing the expression of RecA for the times described in Results below (Table 1) . Seven random progenitor colonies with a P ϩ morphology from each strain were picked and passaged on GCB without IPTG, halting RecA expression and thus inactivating recombination. For each strain, at least 28 P ϩ progeny colonies arising from each of the seven progenitors with sizes and colony morphologies similar to those of the parent were picked and passaged on GCB without IPTG two times to ensure colony clonality. A single colony from each sample was isolated, and the pilE gene was PCR amplified as described previously (24) . The DNA sequence was determined (SeqWright, Houston, TX) and analyzed (MacVector; Symantec Corp.). In the event a strain appeared to only have a single nucleotide substitution in pilE relative to the parent, the PCR was repeated and the DNA sequence was analyzed again to ensure the substitution was genuine.
Determination of pilin Av frequency and rate. The pilin Av frequency was determined for the progeny of each of the seven progenitors by dividing the total number of pilin Av events by the number of progeny of each set, resulting in seven values for each strain. The pilin Av rate was determined by dividing the pilin Av frequency by the number of generations each sample was grown in the presence of IPTG as determined by a CFU/colony assay at the time of harvest. Determination of statistical significance using the Wilcoxon rank sum test was performed as described previously (18) . A pilin Av event was defined as the number of pilS copies donated in a single pilE variant. For FA1090, in which all 19 pilS copies are sequenced and annotated, the vast majority of variant pilE sequences are the result of the incorporation of a single pilS donor copy, with only 5 samples being the result of the incorporation of two pilS donor copies out of a total of 86 samples with a variant pilE (data not shown). Since the full array of MS11 pilS copies has not yet been sequenced and annotated, this analysis is not possible, and therefore, to calculate the MS11 pilin Av frequencies, each variant pilE was assumed to be the result of a single pilin Av event.
RESULTS

Survival of recB and recD mutants in FA1090 and MS11.
Based on UV survival phenotypes, it has been concluded that N. gonorrhoeae RecD is not involved in the repair of DNA damage (3). It has also been proposed, based on MMS and Nal survival assays, that strain MS11 possesses a more robust DNA repair system than strain FA1090 (16) . We reexamined the DNA repair phenotypes of strains MS11 and FA1090 and recB or recD mutants using UV light, MMS, and Nal as DNAdamaging agents (Fig. 1) . UV irradiation induces pyrimidines to dimerize, generating deleterious lesions (reviewed in reference 8). MMS acts as a DNA-alkylating agent and is thought to cause stalled replication forks (25) . Nal is a broad-spectrum antibiotic and the parent of the fluoroquinolone family; it causes accumulation of dsDNA breaks by inhibiting gyrase from resealing the breaks and can be used to measure dsDNA break repair capabilities (reviewed in reference 13). Thus, these three treatments produce different types of damage that should reveal divergent repair capabilities.
The results from the UV survival assay showed an approximately 10-fold difference in survival between the rec mutants and the parent strains at 50 and 100 J/m 2 , with the rec mutants having nearly no viability at 200 J/m 2 , clearly indicating that both RecB and RecD are involved in repair of UV-induced damage (Fig. 1A) . Furthermore, the UV assay showed that there is no difference in survival between the parental FA1090 and MS11, a conclusion that has been reported previously (16) . Interestingly, at 50 J/m 2 , the MS11 recB and recD mutants had a statistically higher survival rate than the FA1090 recB and recD mutants, indicating that there may be a secondary pathway involved in the repair of UV-induced DNA damage that allows increased MS11 survival in the absence of RecBCD (Fig. 1A) .
The MMS survival assay showed no difference in survival of the parental MS11 strain relative to the parental FA1090 strain in all three MMS concentrations tested (Fig. 1B) . As shown previously, the recB and recD mutants both showed greatly reduced survivability relative to the parent strain in both the MS11 and FA1090 backgrounds (Fig. 1B) (16) . It is noteworthy, however, that at 0.0025% and 0.005% MMS the FA1090 recB and recD mutants had a statistically higher rate of survival than the corresponding mutants in MS11, indicating that there may be a secondary pathway involved in the repair of MMSinduced DNA damage that allows FA1090 to survive better than MS11 in the absence of RecBCD (Fig. 1B) . Taken together, these results show that the RecBCD pathway is required for N. gonorrhoeae to survive both UV light and MMS damage and that the MS11 and FA1090 parent strains have similar survivabilities in the presence of both DNA-damaging agents.
Since the RecBCD recombination pathway is well established to be critical for the repair of double-strand breaks, and a differential repair capability between FA1090 and MS11 has been reported, the effect of Nal on survival was a critical measurement. However the measurement of Nal sensitivity was complicated by different MICs of Nal for each strain. For FA1090, the survival rate of the parent strain was approximately 5 orders of magnitude higher than those of the recB and recD mutants at the maximum reported Nal concentration of 0.25 g/ml (Fig. 1C) . The survival of the FA1090 rec mutants at the next-highest Nal concentration tested (0.5 g/ml) was undetectable (data not shown). For MS11, the survival rate of the parent strain was 4 to 5 orders of magnitude higher than those of the recB and recD mutants at the maximum reported (Fig. 1D) . The survival of the MS11 rec mutants at the next-highest Nal concentration tested (1 g/ml) was undetectable (data not shown). The difference in survival between MS11 and FA1090 on Nal corresponds to the difference in the MICs of Nal for the strains, with the MIC for FA1090 being approximately threefold lower than the MIC for MS11 (data not shown). It is noteworthy that FA1090 is also more sensitive than MS11 to chloramphenicol, Erm, tetracycline, rifampin (rifampicin), and ampicillin, all of which utilize mechanisms of action that are independent of DNA damage (data not shown). The difference in antibiotic sensitivity between the two strains is partially the result of differential induction of the MtrCDE efflux pump between the two strains. In MS11, the efflux pump is upregulated relative to other strains of N. gonorrhoeae (52) , whereas in FA1090, the pump is downregulated due to a mutation in the inducer, mtrA (35) , resulting in different sensitivities of the strains to a variety of antimicrobials.
Determination of pilin Av rates using the sequencing assay. To assess the pilin Av rates of recB and recD mutants in MS11 and FA1090, a previously described sequencing assay was performed in which RecA expression was induced in N. gonorrhoeae for a given period of time and the pilE gene was sequenced from each of the progeny colonies (6, 18) . Subsequent to RecA induction, seven P ϩ colonies were picked at random and grown in the absence of IPTG to lock in the pilE sequence. The pilE sequences from at least 27 progeny arising from each of the seven progenitor colonies were analyzed, and the pilin Av frequency was determined by dividing the total number of detected Av events by the total number of progeny colonies analyzed for each of the seven progenitors. The pilin Av rate was then determined by dividing each frequency by the number of generations of RecA induction. Therefore, each strain had seven frequencies and seven rates reported, corresponding to one frequency and one rate for each progenitor.
Comparison of pilin Av rates in FA1090 recB and recD mutants relative to the parent strain. Pilin Av frequencies were determined for FA1090 pilin variant 1-81-S2 and recB and recD mutants in this strain background after they were grown for approximately 20 generations on IPTG (Table 1) . Figure 2A shows the pilin Av frequencies obtained for the progeny of each of the seven progenitor starter colonies. The frequencies of the seven progenitors from each sample ranged from 0.067 to 0.23, 0.033 to 0.30, and 0.067 to 0.36 events/cell for the parent strain and the recB and recD mutants, respectively ( Fig. 2A) . Each of the corresponding frequencies was divided by the number of generations grown in the presence of IPTG (Table 1) to determine the pilin Av rates. The median rates for the parent and the recB and recD mutants were 6.42 ϫ10 Ϫ3 , 1.03 ϫ 10 Ϫ2 , and 4.97 ϫ 10 Ϫ3 events/cell/generation, respectively (Fig. 2B) . The pilin Av rates for all three samples were indistinguishable by the Wilcoxon rank sum test, with a P value of Ͻ0.05. Therefore, in strain FA1090, RecB is not required to achieve a parental rate of pilin Av after growth for 20 generations. Furthermore, these results definitively show that a recD mutation neither diminishes nor enhances pilin Av in strain FA1090. This finding confirms previous data based on a colony phase variation assay and a colony PCR on October 15, 2017 by guest http://jb.asm.org/ approach to determine the effect, if any, of RecBCD in this strain of N. gonorrhoeae (27) . As has been described previously, recB and recD N. gonorrhoeae mutants have a significant growth defect relative to the parent strain (16, 27) . For this reason, there was a disparity in the amount of time the FA1090 mutants were grown in the presence of IPTG relative to the parent strain to achieve approximately 20 generations of growth (Table 1) . To ensure that the difference in RecA induction times between the parent and the mutants did not have an impact on the pilin Av rates, we repeated the assay of the recB and recD mutants after only 22 h of growth on IPTG. Because 22 h of growth reduced the number of generations from 20 to 14 for recB and 16 for recD (Table 1) , more progeny samples were sequenced to increase the probability that detectable frequencies would be obtained (Fig. 3A) .
Predictably, the pilin Av frequencies for the recB and recD mutants were generally reduced compared to the 20-generation experiment, with ranges from 0.021 to 0.17 and from 0 to 0.29 events/cell for the recB and recD mutants, respectively. However, the pilin Av rates remained indistinguishable from those of the parent strain grown for 20 generations, with median rates for recB and recD of 4.65 ϫ 10 Ϫ3 and 3.52 ϫ 10
Ϫ3
events/cell/generation, respectively. These pilin Av rates are indistinguishable from each other and from that of the parent strain, with a P value of Ͻ0.05 by the Wilcoxon rank sum test, showing that the rate of pilin Av in FA1090 is not dependent upon the number of generations for which RecA is induced (Fig. 3B) .
Comparison of pilin Av rates in MS11 recB and recD mutants relative to the parent strain. The pilin Av frequencies of recB and recD mutants in MS11 pilin variant VD300 were determined relative to the parent strain for seven progenitors of each sample after growth on IPTG for approximately 20 generations. The pilin Av frequencies for the parent strain and the recB and recD mutants ranged from 0 to 0.20, 0 to 0.071, and 0.035 to 0.5 events/cell, respectively (Fig. 4A) . The pilin Av rates for each progenitor were determined for the parent and the recB and recD mutants by dividing the frequencies by the number of generations each was grown in the presence of Table 1 ). The median pilin Av rates for the parent strain and the recB and recD mutants were 1.70 ϫ 10 Ϫ3 , 1.73 ϫ 10 Ϫ3 , and 3.15 ϫ 10 Ϫ3 events/cell/generation, respectively (Fig.  4B) . The pilin Av rates of the mutants and the parent were indistinguishable by the Wilcoxon rank sum test, with a P value of Ͻ0.05. As with FA1090, these data conclusively show that pilin Av occurs in recB and recD mutants at a rate similar to that in the parent strain in MS11 when RecA is induced for 20 generations of growth.
As in strain FA1090, recB and recD mutants have growth defects in strain MS11 (3, 16) . For this reason, there was a lack of correspondence in the amount of time the parent strain was grown on IPTG relative to the recB and recD mutants to achieve approximately 20 generations, with the parent and rec mutants growing for 24 and 40 h, respectively (Table 1) . To ensure that the rates determined for the recB and recD mutants were not the result of the difference in the duration of RecA induction, the sequencing assay was repeated, with each mutant grown on IPTG for only 24 h. The pilin Av frequencies of each of the seven progenitors for the recB and recD mutants ranged from 0 to 0.064 and 0 to 0.032 events/cell, respectively (Fig. 5A) . Each of the frequencies was divided by the number of generations for which each mutant was grown in the presence of IPTG to obtain the pilin Av rates ( Table 1 ). The median rates for the recB and recD mutants grown for 24 h were 0 and 1.43 ϫ 10 Ϫ3 pilin Av events/cell/generation, respectively (Fig. 5B) . The rates obtained were indistinguishable from each other and from that of the parental MS11 strain grown for 20 generations, with a P value of Ͻ0.05 by the Wilcoxon rank sum test.
Nonrandom incorporation of pilS donors in FA1090.
A previous study using a similar sequencing assay in FA1090 reported that there was nonrandom incorporation of pilS sequences involved in pilin Av in P ϩ colonies of FA1090 pilin variant 1-81-S2 (6) . When FA1090 variant pilE sequences from the 20-generation assay were aligned with the 19 FA1090 pilS copies and the donor copy was identified, similar results were obtained in this study (Table 2) . Consistent with the previous results, there was clearly nonrandom incorporation of pilS cop- ies, with only 8 of the 19 available pilS copies contributing to the resulting pilin variants ( Table 2) . As with the previous study, pilS6c1 or pilS2c1 was the most prevalent donor (the section of sequence incorporated is the same in both of these pilS copies, so it is impossible to determine which of the two is the actual donor), contributing to 40.7% of detectable pilin Av events, and pilS3c1 was the second most prevalent donor at 18.5% (Table 2) . pilS3c3, pilS2c4, pilS6c3, and pilS2c5 were detected at low frequencies of Յ3.3% in P ϩ variants in the previous study but were not found in any variants of the parental strain in the current work (6) ( Table 2 ).
The recB mutant grown for approximately 20 generations (Table 1) under RecA induction also showed nonrandom incorporation of pilS copies, although with a slightly different profile than the parental strain. The most common donor copy was either pilS1c4 or pilS2c4 at 20% of detectable events (the donated sequence is identical in the two copies, so it is not possible to discriminate between them). The next most prevalent donated copies were pilS3c1, occurring at 13.3% of detectable events, and either pilS2c1 or pilS6c1, occurring at 16.7% of the observed pilin Av events ( Table 2) .
The recB mutant grown for 22 h (13.72 generations) on IPTG also maintained a nonrandom donor pilS distribution, with the most prevalent donor copies being pilS2c1 or pilS6c1 at 26.3% and pilS3c1 at 26.3% of the observed pilin Av events (Table 2) . Although the profile is slightly different from that of the recB mutant grown for 20 generations on IPTG, it is noteworthy that either pilS1c4 or pilS2c4 was a donor in the recB mutant at both times of RecA induction, and neither of these copies was found to be a pilin Av donor in the parent strain in this study (Table 2 ) and at only 1.1% in the previous work (6) ( Table 2) .
As with the parent strain and the recB mutant, there was a bias in pilS donor copy preferences involved in pilin Av in the recD mutant. In the sample grown for approximately 20 generations under RecA induction, there was a preference for either pilS2c1 or pilS6c1 and pilS3c1, occurring at 23.3% and 30% of the observed pilin Av events, respectively (Table 2) . For the recD mutant grown for only 22 h (15.8 generations) in the presence of IPTG, the most prevalent donor copy was either pilS2c1 or pilS6c1, occurring at 56.5% of the observed pilin Av events ( Table 2) . As with the recB mutant, the recD data represent a potential shift in donor pilS bias relative to the parent strain, although further, more in-depth studies analyzing more samples would be required to definitely prove this hypothesis. Taken together, these data show that regardless of which rec mutant is used and regardless of the duration of growth in the presence of IPTG, there remains a bias shift toward certain pilS donor copies, and therefore, not all available pilin donor copies are utilized with equal efficiency in N. gonorrhoeae pilin Av.
DISCUSSION
In bacteria, DNA recombination is used for genetic exchange, DNA repair, and, in the case of N. gonorrhoeae, to allow frequent gene conversion between pilS copies and the pilE locus. We demonstrated here that the rate of pilin Av does not depend on the RecBCD pathway of recombination, that the recB and recD mutants have similar phenotypes for DNA repair and pilin Av, and that the survival rates of two standard laboratory strains of N. gonorrhoeae in the presence of DNAdamaging agents are similar.
We tested for different roles for RecB and RecD in the repair of UV-induced pyrimidine dimers, Nal-induced dsDNA breaks, and MMS-induced alkylation lesions in two distinct, independently isolated strains of N. gonorrhoeae (32, 46) . A previous study using MS11 suggested that RecD was not involved in the repair of UV-induced DNA damage (3), while a later study by the same group showed that RecB was involved in the repair of UV damage in both MS11 and FA1090 (16) , suggesting different roles for RecB and RecD in UV repair. However, the results from the current study show that both RecB and RecD are involved in the repair of UV-induced DNA damage in both MS11 and FA1090, although a secondary pathway that enhances the survival of MS11 relative to FA1090 in the absence of RecBCD may be involved (Fig. 1A) .
It has been posited that MS11 has a more robust DNA repair phenotype than FA1090 based on the observation that MS11 recB mutants, and to a degree the MS11 parent strain, survived Nal-induced dsDNA breaks and MMS-induced alkylation lesions better than FA1090 (16) . In contrast to the previous study, which used a disc diffusion survival assay, we tested MMS sensitivity by measuring the efficiency of plating on three concentrations of MMS. As reported previously, recB and recD mutants in both strain backgrounds had greatly diminished survival relative to the parent strains in a dose-dependent manner (Fig. 1B) . However, contrary to the UV results, sur- a Refers to the 19 distinct pilS copies available as donors in pilin Av, e.g., "2c1" refers to pilS2c1 and "6c1" refers to pilS6c1.
b Previous data from reference 6 using a larger number of sequence colonies. c The sequence of the DNA transferred from pilS to pilE makes it impossible to discern which of these two copies is the actual donor.
d Criss et al. (6) reported these pilS donors only in P Ϫ colonies.
vival was enhanced in the FA1090 rec mutants relative to the MS11 rec mutants, suggesting a pathway for UV-induced DNA damage that enhances FA1090 survival in the absence of RecBCD.
Since the MIC of Nal for MS11 is over threefold higher than that for FA1090, we adjusted the Nal concentrations to accurately measure the sensitivities of MS11 and FA1090 to dsDNA breaks (Fig. 1C and D) . With these adjusted levels of Nal, there were no differences in the survival of MS11 or FA1090, or the recB or recD mutant. Taken together, these findings show that there is no difference in DNA repair efficiencies between the two parental strains and confirm that both RecB and RecD are required for repair. It is noteworthy that FA1090 RecB/RecD has Ͼ99% amino acid similarity to MS11 RecB/RecD. Also, unlike those of E. coli, N. gonorrhoeae recB, recC, and recD do not exist in an operon. Immediately downstream of recB is pspE, which encodes a phage shock protein precursor, and immediately downstream of recD is Ngo772, which encodes a hypothetical conserved protein that is transcribed in the opposite orientation to recD. Therefore, mutations in either recB or recD are not predicted to have polar effects on genes involved in recombination.
By utilizing the previously described sequencing assay for pilin Av (6, 18) , we conclusively demonstrated that recB and recD mutants show the same rate of pilin Av regardless of the length of RecA induction (Fig. 2 to 5) . It was previously established that the RecF-like pathway is required for efficient pilin Av in N. gonorrhoeae (14, 27) , which suggests that pilin Av is mediated by an ssDNA gap (27) and not a dsDNA break. In support of a gapped recombination substrate model, a number of nicks that are processed by some RecF-like pathway enzymes have been detected near the pilE locus in N. gonorrhoeae (L. Cahoon, personal communication). It is possible that the polyploid nature of N. gonorrhoeae may allow high-frequency gene conversion by the RecF-like pathway and may also influence how DNA exchange is mediated (51) . However, we have no direct evidence of how the polyploidy influences these processes.
This work shows that E. coli cannot be used as a strict model for recombination processes in all gram-negative bacteria. For example, E. coli recD mutants are hyperrecombinant and have no growth defect, while N. gonorrhoeae recD mutants are hyporecombinant and have a severe growth defect (16, 27) . The N. gonorrhoeae RecF-like pathway appears to repair dsDNA breaks, but similar mutants in E. coli show no repair phenotype (27) . For these reasons, further analysis of the RecF-like pathway and the RecBCD system in N. gonorrhoeae is warranted to more clearly elucidate the mechanisms involved in their function in neisserial DNA recombination and repair.
Our data suggest why some previous studies have identified a role of the RecBCD pathway in pilin Av. As shown here and in previous publications, pilS donor copies are not incorporated randomly during pilin Av in FA1090 pilin variant 1-81-S2, and there is a bias toward either pilS2c1 or pilS6c1 as the main donor copy (6) ( Table 2 ). However, in the recB and recD mutants in this strain, the repertoire of silent donor copies was altered. For example, pilS2c4 and pilS1c4 were frequent donor copies in the recB mutant in two different experiments, but neither of these copies was found to be a donor in any of the pilin variants isolated in either the parent strain or the recD mutant (Table 2) . If in fact there is a shift in pilS donor bias in the recB or recD mutants, it may be responsible for differential observations when indirect methods are used to detect pilin Av. First, in the PCR-based assays in which primers are designed to anneal to certain pilS donor copies but not others, a rec mutant that shifts a preference from one pilS donor copy to another may result in either an increase or a decrease in the detected pilin Av rate. A similar caveat exists for the coconversion assay, as recombination with only the most 3Ј pilS copy in a pilS locus results in the loss of the marker downstream of pilE, and a shift in the pilS donor preference could alter these results, as well. Additionally, the colony phase variation assay could also be affected by a shift in the pilS donor copy profile. It has been shown that some pilS donor copies are more predominant in P ϩ colonies and some are more likely to be found in P Ϫ colonies (6, 49) . A shift in the pilS donor copy preference could definitively alter the results of a colony morphology assay without actually altering the frequency or rate of pilin Av in rec mutants. While it is clear that RecBCD is not involved in pilin Av, the possibility that these mutants have a different pilS donor profile than the parent strain is intriguing. One reason for this potential difference is the severe growth defect of these mutants compared to the parent strain. It is possible that a slower-growing cell with a reduced pilin Av frequency (albeit with a similar pilin Av rate) may incorporate different pilS copies than the faster-growing parent. Therefore, pilin Av assays that do not allow analysis of the full spectrum of possible pilS donors may lead to erroneous conclusions.
It is also noteworthy that the pilin Av rate for MS11 in this study was reduced relative to that of FA1090. There are several possibilities to account for this observation. The difference in the pilin Av rates could be due to the fact that each strain has a different starting pilE sequence (variant VD300 in MS11 and variant 1-81-S2 in FA1090). It has been demonstrated that the starting pilE sequence plays an important role in directing the pilin Av frequency and rate (34) . There may also be other, non-pilE/pilS strain differences that influence the rate of pilin Av that may indicate rate-limiting steps controlling this specialized recombination system.
